Background and Purpose-During cerebral ischemia, both hypoxia and hypercapnia appear to produce marked dilatation of the cerebral arteries. Hypercapnia and hypoxia may be accompanied by extracellular and intracellular acidosis, which is another potent dilator of cerebral arteries. However, the precise mechanism by which acidosis produces dilatation of the cerebral arteries is not fully understood. The objective of the present study was to examine the mechanisms by which intracellular acidosis produces dilatation of the basilar artery in vivo. Methods-Using a cranial window in anesthetized rats, we examined responses of the basilar artery to sodium propionate, which was used to cause intracellular acidosis specifically. Expression of subunits of potassium channels was determined by reverse transcription and polymerase chain reaction (RT-PCR). Results-Topical application of propionate increased diameter of the basilar artery in a concentration-related manner.
D
uring cerebral ischemia, both hypoxia and hypercapnia appear to produce marked dilatation of the cerebral arteries. 1 The vasodilator responses may increase cerebral perfusion for maintenance of oxygen delivery to brain tissue. Both hypoxia and hypercapnia may be accompanied by extracellular and/or intracellular acidosis. Recent evidence has suggested that acidosis itself produces marked relaxation of the cerebral arteries in vitro. 2, 3 Thus, extracellular and intracellular acidosis may play a major role in dilatation of the cerebral arteries during hypoxia and hypercapnia. 4 Hypoxic dilatation of the cerebral arteries appears to be mediated by activation of ATP-sensitive potassium (K ATP ) channels. 5, 6 On the other hand, vasodilatation induced by hypercapnia is reported to be mediated mainly by nitric oxide (NO). 7, 8 Thus, the mechanisms by which acidosis produces dilatation of the cerebral arteries may be quite different between hypoxia and hypercapnia. It is reported that extracellular pH (pH o ) rather than intracellular pH (pH i ) may be the major determinant of hypercapnia-induced, NOdependent relaxation of the cerebral arteries in vitro. 3 Hypoxia appears to produce dilatation of the cerebral arterioles through activation of K ATP channels that is independent of pH o changes, 4 suggesting that pH o may not be important in hypoxia-induced activation of K ATP channels in cerebrovascular muscle.
Recently, Xu et al 9 showed that K ATP channels expressed in Xenopus oocytes are activated directly by intracellular but not extracellular acidosis. The findings suggest that K ATP channels contain their pH-sensitive sites in the inside of the cell membrane. However, it is not known whether selective intracellular acidosis activates K ATP channels and thereby produces dilatation of the cerebral arteries in vivo. Thus, the first objective of the present study was to test the hypothesis that intracellular acidosis of the basilar arterial muscle cells produces dilatation of the artery through activation of K ATP channels in vivo.
The activity of K ATP channels has been shown in cerebrovascular muscle and appears to play an important role in dilator responses of the cerebral arteries. 5, 6, 10, 11 It has been shown that K ATP channels are hetero-octamers consisting of 4 sulfonylurea receptors (SUR) interacting with 4 channel subunits (Kir channels). 12,13 SUR2B may be the major SUR in the smooth muscle cells of systemic arteries. 14 Both Kir6.1 and Kir6.2 are reported to be present in vascular muscle cells. 9, 15, 16 However, it is not known which Kir is expressed in the cerebral arterial muscle. Thus, the second objective was to determine SUR and Kir subunits expressed in the basilar arterial muscle cells. 
Materials and Methods

Cranial Window
Experiments were performed on male Sprague-Dawley rats (weight, 400Ϯ8 g; age, 3.4Ϯ0.2 months [meanϮSEM]) anesthetized with amobarbital (100 mg/kg IP). Anesthesia was supplemented intravenously at 20 to 25 mg/kg per hour. The trachea was cannulated, and the animals were mechanically ventilated with room air and supplemental oxygen. Skeletal muscle paralysis was produced with d-tubocurarine chloride (2 mg/kg). Depth of anesthesia was evaluated by applying pressure to a paw or the tail and observing changes in heart rate or blood pressure. When such changes occurred, additional anesthetic was administered. Catheters were placed in both femoral arteries to measure systemic arterial pressure and to obtain arterial blood samples. A femoral vein was cannulated for infusion of drugs.
A craniotomy was prepared over the ventral brain stem as previously described in detail. 17 After a part of the dura was opened, the cranial window was suffused with artificial cerebrospinal fluid (CSF) (temperatureϭ37°C; ionic composition [in mmol/L]: 132 NaCl, 2.95 KCl, 1.71 CaCl 2 , 0.65 MgCl 2 , 24.6 NaHCO 3 , 3.69 D-glucose) that was bubbled continuously with appropriate gases. The diameter of the blood vessel was measured with the use of a microscope equipped with a television camera coupled to an autowidth analyzer (C3161, Hamamatsu Photonics KK). After craniotomy was performed, pH, PCO 2 , and PO 2 of arterial blood were adjusted by changing rate and volume of the respirator and the oxygen content of inspiratory air. We also monitored arterial blood gas during the experiments and kept the values within normal limits (pHϭ7.45Ϯ0.01, PCO 2 ϭ39Ϯ1 mm Hg, and PO 2 ϭ93Ϯ4 mm Hg).
We examined responses of the basilar artery to topical application of sodium propionate (10 Ϫ6 to 10 Ϫ3 mol/L). Sodium propionate permeates the cells in its protonated form and releases protons, which produces intracellular acidification. 18 We also examined responses to sodium nitroprusside (10 Ϫ8 to 10 Ϫ6 mol/L), an NO donor. Each drug was mixed in artificial CSF and suffused over the craniotomy for 5 minutes. Diameters of the basilar artery were measured immediately before and during the last minute of application of each agonist. After application of a specific drug, the vessel diameter returned to baseline level within a few minutes before application of another one. The application sequence was alternative. We also examined pH, PCO 2 , and PO 2 of artificial CSF in the absence and presence of 1 mmol/L sodium propionate. Application of the concentration of propionate did not affect these parameters of the CSF (control: pHϭ7.43Ϯ0.02, PCO 2 ϭ35Ϯ1 mm Hg, and PO 2 ϭ119Ϯ3 mm Hg; propionate: pHϭ7.42Ϯ0.02, PCO 2 ϭ35Ϯ1 mm Hg, and PO 2 ϭ119Ϯ3 mm Hg; nϭ10).
We used glibenclamide (10 Ϫ6 mol/L), an inhibitor of K ATP channels, 6 
, an inhibitor of NO synthase, 19 iberiotoxin (10 Ϫ5 mol/L), an inhibitor of large conductance calcium-activated potassium channels, 6, 20 and indomethacin (10 mg/kg IV), an inhibitor of cyclooxygenase. 21 Each inhibitor appears to produce maximum inhibition of its target molecule at the concentration described above. 6,19 -21 Glibenclamide was dissolved in dimethyl sulfoxide (DMSO). The maximum final concentration of DMSO was 0.1%. We found that 0.1% DMSO did not cause any significant changes in diameter of the basilar artery (1Ϯ2%; nϭ5). Other inhibitors were dissolved in distilled water. L-NNA was suffused starting from 15 minutes before and during application of propionate or nitroprusside. Suffusion of other inhibitors was started from 5 minutes before application of sodium propionate or sodium nitroprusside. Topical application of these agents did not cause any changes in systemic arterial pressure.
To confirm the importance of pH i changes in propionate-induced vasodilatation, we tested the effects of 5-N,Nhexamethyleneamiloride, an inhibitor of Na ϩ /H ϩ exchanger, 18,22,23 on the vasodilatation. 5-N,N-Hexamethyleneamiloride (3 mol/L) was dissolved in DMSO and suffused 5 minutes before and during application of sodium propionate or sodium nitroprusside. The final concentration of DMSO in the CSF was 0.1%.
Reverse Transcription and Polymerase Chain Reaction
Basilar arterial muscle cells were collected from the basilar artery of male Sprague-Dawley rats (aged 4 to 6 weeks). 24 After they were anesthetized with diethyl ether, the animals were decapitated, and the basilar artery was quickly removed under sterile conditions. The arterial segments were carefully cleaned of connective tissue, cut into small fragments, and placed in culture dishes coated with collagen type 1. The growth medium (Dulbecco's modified Eagle's medium) was supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin solution. The dishes were incubated at 37°C in a humidified atmosphere of 95% air and 5% CO 2 . After a few days, colonies of vascular muscle cells proliferated from the basilar arterial segments. After the arterial segment was removed, the primary vascular muscle cell colonies were gently scraped off and subcultured in other dishes. Final characterization of the cells was performed by demonstrating the absence of di-I LDL uptake and the expression of smooth muscle-specific ␣-actin.
Total RNA was prepared from cultured basilar arterial muscle cells with TRIzol reagent (Life technologies, Inc). 25 With the use of 1 g total RNA, first strand cDNA synthesis was performed by AMV transcriptase in 20 L (Roche Diagnostics). With the use of aliquots (1 L) of reverse transcriptase (RT) products, polymerase chain reaction (PCR) reactions were performed in 50 L final volumes with the gene-specific primers listed in Table 1 . Amplification was performed for 30 cycles of denaturation at 94°C (30 seconds), annealing at 60°C (30 seconds), and extension at 72°C (60 seconds), followed by 7 minutes of extension reaction at 72°C. PCR products were separated on 1% agarose gel.
We also examined the expression of K ATP channels in pancreatic cells. After they were anesthetized with diethyl ether, male SpragueDawley rats (aged 6 weeks) were decapitated, and the pancreas was quickly removed. The organ was dispersed with a dispersing generator (POLYTRON PT2100, Kinematica AG), and total RNA was prepared with TRIzol reagent. RT-PCR was performed as described above.
Statistical Analysis
All values were expressed as meanϮSEM. One-way repeatedmeasures ANOVA was used to compare concentration-dependent responses to vasodilators. Two-way repeated-measures ANOVA was used to compare responses under control conditions and during interventions. When a significant F value was found, post hoc analysis was performed with the Wilcoxon test. A value of PϽ0.05 was considered significant. 
Results
Propionate-Induced Vasodilatation
Under control conditions, diameter of the basilar artery was 224Ϯ7 m (nϭ20). Topical application of sodium propionate (10 Ϫ6 to 10 Ϫ3 mol/L) produced dilatation of the basilar artery in a concentration-related manner (Figure 1) . Vasodilatation induced by propionate (10 Ϫ6 to 10 Ϫ3 mol/L) was reproducible since there was no significant attenuation of the response during repeated application of propionate (first: 11Ϯ2%, 19Ϯ3%, 28Ϯ5%, 36Ϯ6%, respectively; second: 10Ϯ2%, 19Ϯ4%, 29Ϯ6%, 34Ϯ5%, respectively; nϭ5). Glibenclamide, a selective inhibitor of K ATP channels, had no effects on the baseline diameter of the basilar artery but inhibited dilatation of the basilar artery in response to propionate (Figure 1 ). We found that 10 Ϫ6 mol/L glibenclamide inhibited vasodilatation in response to 10 Ϫ3 mol/L sodium propionate by 46Ϯ11%. Sodium nitroprusside (10 Ϫ8 to 10 Ϫ6 mol/L) also produced dilatation of the basilar artery (Figure 2 ). Glibenclamide (10 Ϫ6 mol/L) did not affect vasodilatation produced by sodium nitroprusside (Figure 2 ). We also tested the effects of L-NNA (10 Ϫ5 mol/L), iberiotoxin (10 Ϫ5 mol/L), and indomethacin (10 mg/kg IV) on propionate-induced dilatation of the basilar artery. None of the inhibitors affected propionate-induced vasodilatation ( Table 2) .
Because intracellular acidification activates the Na ϩ /H ϩ exchanger, which causes efflux of protons to the extracellular space and thereby normalizes intracellular pH, 18, 26 inhibition of the Na ϩ /H ϩ exchanger enhances intracellular acidification. 26 Thus, we anticipated that inhibition of the exchanger would enhance propionate-induced vasodilatation. In the present study 5-N,N-hexamethyleneamiloride (3 mol/L), an inhibitor of Na ϩ /H ϩ exchanger, enhanced propionate-induced dilatation of the basilar artery ( Figure 3) ; 3 mol/L 5-N,Nhexamethyleneamiloride did not affect vasodilator responses to sodium nitroprusside (10 Ϫ8 to 10 Ϫ6 mol/L). The findings suggest that propionate-induced vasodilatation is dependent on intracellular acidification.
Presence of Kir6.1 and SUR2B
RT-PCR reactions yielded an expected-size 1275-bp PCR product for Kir6.1 but not an expected-size 1173-bp product for Kir6.2 (Figure 4) , indicating that the vascular smooth muscle cells mainly expressed Kir6.1. Identical results were obtained with several independent vascular muscle isolates. On the other hand, pancreatic cells expressed Kir6.2 but not Kir6.1 (Figure 4) . We also tested whether the vascular cells expressed SUR2B, which is reported to be present in rat coronary arterial muscle cells. RT-PCR reactions yielded an expected-size 858-bp PCR product for SUR2B (Figure 4) . 
Discussion
There are 2 major new findings in the present study. First, intracellular acidosis of vascular muscle by sodium propionate produced marked dilatation of the basilar artery, and the vasodilatation may be mediated, at least in part, by activation of K ATP channels in vivo. Second, Kir6.1 but not Kir6.2 was expressed in the basilar arterial muscle cells. Because SUR2B was also expressed in the muscle cells, Kir6.1/SUR2B may be the major K ATP channels that mediate propionate-induced dilatation of the basilar artery.
During cerebral ischemia, dilatation of the cerebral arteries appears to occur. 1 The mechanisms of ischemia-induced vasodilatation are very complicated. 1 Several factors, including hypoxia and hypercapnia, may account for ischemiainduced vasodilatation. Because both hypoxia and hypercapnia may be accompanied by intracellular and extracellular acidosis and acidosis itself produces marked dilatation of the cerebral arteries, 2,3 decrease of pH o and pH i may play an important role in dilatation of the cerebral arteries during hypoxia and hypercapnia. In the present study we focused on intracellular acidosis because that may be the first phenomenon that occurs after ischemic insult. Sodium propionate appears to decrease pH i without affecting pH o . 18 We also showed that propionate did not affect pH o , PCO 2 , or PO 2 in the artificial CSF. Because propionate caused marked dilatation of the basilar artery, intracellular acidosis of vascular muscle itself may produce dilatation of the artery in vivo. Moreover, 5-N,N-hexamethyleneamiloride enhanced dilatation of the basilar artery in response to sodium propionate. The findings may also support the interpretation that propionate-induced dilatation of the basilar artery may be mediated by intracellular acidification in vivo.
To examine the role of K ATP channels in propionateinduced dilatation of the basilar artery, we tested effects of glibenclamide, an inhibitor of K ATP channels, 6 on the vasodilatation. Glibenclamide inhibited propionate-induced dilatation of the artery by approximately 50%. Thus, dilatation of the artery in response to intracellular acidosis may be mediated, in large part, by activation of K ATP channels in vivo. The findings are similar to those of Ishizaka and Kuo 27 that acidosis-induced relaxation of porcine coronary artery is mediated primarily by activation of K ATP channels in vitro. The mechanisms of acidosis-induced activation of K ATP channels are still unclear. Ishizaka and Kuo 27 have suggested that acidosis produces activation of pertussis toxin-sensitive GTP-binding protein and thereby causes vasorelaxation. Recently, Xu et al, 9 using a patch-clamp technique, showed that protons activate the intracellular domain of K ATP channels and increase the open probability of the channels. Thus, it may be possible that selective intracellular acidification activates K ATP channels of basilar arterial muscle cells and thereby causes dilatation of the artery.
We also tested the effects of 3 other inhibitors, ie, L-NNA, iberiotoxin, and indomethacin. However, none of these inhibitors affected propionate-induced dilatation of the basilar artery. Thus, NO, BK Ca channels, and prostanoids may not be involved in propionate-induced dilatation of the basilar artery in vivo. Horiuchi et al 28 examined responses of the cerebral arteries in response to extracellular acidification by HCl and showed that both NO and K ATP channels are involved in acidosis-induced relaxation of the arteries in vitro. pH o instead of pH i appears to be the major determinant of hypercapnia-induced, NO-dependent relaxation of the cerebral arteries in vitro. 3 Thus, it may be possible that application of HCl to the vascular muscle reduced pH o as well as pH i and thereby activated both NO production and K ATP channels of the cerebral arterioles.
Glibenclamide at the concentration of 10 Ϫ5 mol/L reduced but did not abolish propionate-induced dilatation of the basilar artery. Several mechanisms may be involved in the residual vasodilatation. It is reported that normocapnic acidosis inhibited calcium influx without affecting membrane potential of vascular muscle cells. 29 Thus, acidosis may also inhibit calcium channels in the vascular muscle independent of the activity of potassium channels, and the residual vasodilatation after inhibition of K ATP channels is mediated by such direct inhibitory actions of acidosis on calcium channels. The activity of inward rectifier potassium channels is reported to be modulated by acidosis. 30, 31 Thus, we cannot exclude the possibility that inward rectifier potassium channels may be involved in the residual dilatation of the basilar artery. We also cannot exclude the possibility that other unknown mechanisms are involved in propionate-induced dilatation of the basilar artery in vivo.
K ATP channels are hetero-octamers consisting of 4 sulfonylurea receptors (SUR) interacting with 4 channel subunits (Kir channels). SUR2B appears to represent the SUR in the vascular muscle type K ATP channels. We also found that SUR2B was expressed in the basilar arterial muscle cells. On the other hand, both Kir6.1 and Kir6.2 are reported to be present in vascular muscle cells. Isomoto et al 15 showed that coexpression of Kir6.2 and SUR2B reconstitutes the pharmacological and electrophysiological properties of K ATP channels described in smooth muscle cells. However, Yamada et al 32 suggested that K ϩ channels composed of Kir6.1 and SUR2B closely resemble K ATP channels observed in vascular muscle cells. In the present study we found that Kir6.1 is expressed in the basilar arterial muscle cells; however, significant expression of Kir6.2 was not observed in the muscle cells. Thus, Kir6.1/SUR2B may be the major K ATP channels in the basilar arterial muscle cells. Xu et al 9 showed that protons act directly on the Kir6 subunits and thereby increase channel activity. Thus, dilatation of the basilar artery in response to intracellular acidosis may be produced by activation of Kir6.1/SUR2B channels in the basilar arterial muscle cells by protons. However, we cannot exclude the possibility that the pattern of expression of the channels in cultured muscle cells is different from that in intact cells.
In conclusion, sodium propionate produced dilatation of the basilar artery in vivo. Propionate-induced vasodilatation may be due to intracellular acidification of the basilar arterial muscle cells and may be mediated in part by activation of K ATP channels. Kir6.1/SUR2B may be the major K ATP channels in the basilar arterial muscle cells.
